INTRODUCTION
Primary Parallel Isolated Boost Converter (PPIBC) is a high efficient topology for high input current, step up applications [1] . The effectiveness of the topology is coming from the unique parallel power stage structure in the input side where the voltage is low and the current is high. The primary side switches of each parallel power stage operate synchronously with the corresponding switches in the other parallel power stages. However due to propagation delays and rise-fall time differences of the ICs as well as component tolerances in the gate drive circuitry like gate resistances result in switching delays. These delays not only cause the branch current values to deviate but also switch voltage over-stress conditions to occur which may increase the switching losses.
Although various configurations have been claimed in the patent [2] , only one of them, current balancing transformer (CBT), has been implemented so far for proof of concept. Recently integrated magnetic solutions have been proposed for this topology [3] and [4] . Deviations from ideal current waveforms in parallel branches have been reported in [5] . Similar effects can be observed if two separate inductors (TSI) or partially coupled inductors (PCI) are used. In this paper these configurations have been analytically investigated. Expressions have been derived for branch current deviations which then compared to ideal circuit simulation as well as experimental results. Fig.1 shows PPIBC topology suitable for handling high input currents for fuel cell applications. The current is forced to be equal in both primary windings by the series secondary connection of the two transformers. Primary switches share the same control signals with the same phase switching sequence which allows a simple control. Output rectification unit as well as input and output filters are common to both primary stages.
II. PRIMARY PARALLEL ISOLATED BOOST CONVERTER
The input inductor in Fig. 1 serves as an energy storage element for both primary power stages. As long as switches S1, S2, S3, S4 and S5, S6, S7, S8 work in the same pattern (Fig. 2a) , the inductor current will be shared equally by the two full bridges. In case of a mismatch in switching, the CBT (effectively an inverse coupled inductor) in series with the input inductor shows high impedance in the differential path which limits the rate of change of the differential current (Fig. 2b) .
III. CURRENT BALANCING CONFIGURATIONS
In order to simplify the analysis, the converter in Fig.  1 has been reduced to the circuit in Fig. 3a . This circuit will be used through out the paper except the coupled/uncoupled inductor combinations will replace the single inductor.
A. Single inductor:
Figs. 3b-e show possible configurations of the switches both in normal and extra operation modes. Here a switch being on is equal to all four switches being on (inductor charging state). Similarly a switch being off in Fig. 3a corresponds to two diagonal switches being on in Fig. 1 (discharging state). As can be observed from the branch current waveforms in Fig. 4 , significant deviations occur from ideal situation at the times of turn off and turn on delays. All the input current is directed to the branch where the switch is on. . .
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. . Relative switching delays also changes the steady state operating point of the converter by changing the effective duty cycle. Assuming that there is both a turn off and turn on delay in S 2 , following expressions can be obtained:
Average branch current expressions can be derived from here: 
where,
In 
B. Current balancing transformer (CBT):
A single inductor can be connected to two inverse coupled inductors acting as a CBT as shown in Fig. 6a .
Figs. 6b-g show the possible operation modes. Fig. 7 shows the corresponding simulation results where switch S 2 has both a turn-off and turn-on delay.
.
. As can be observed from the branch currents after the charging period when the turn off delay occurs, i 2 (red) continues to rise where i 1 starts discharging. Following the turn-off delay period, recovery period starts where body diode of the non-delayed switch S 1 conducts the current difference between i 1 and i 2 until both currents are the same. After that the discharging period starts. Governing equations of the output voltage for this case can be obtained as follows:
The average value of the inductor current can be derived using output capacitor charge balance as:
which can be reduced to: 
Since,
and,
The current difference can be written as in Eq. (16),
Effect of the turn-on delay is different from that of the turn-off delay. It can be observed from Fig. 7 that at the end of the discharging period a difference between i 1 and i 2 occurs due to the turn-on delay of S 2 . This results in a longer time where the two branch currents have an offset. Turn-on delay changes the steady state operating point of the converter as in Eq. (17) and Eq. (18). 2 
C. Two separate inductors (TSI)
Instead of the CBT method, each branch can have its own energy storage inductor separately as in Fig. 8 . These inductors also act as impedances between the two full bridges limiting the rate of change of the difference current. Normal and extra operation modes of the TSI configuration are the same as Fig. 6b-g . Similar to CBT case turn-off and turn-on delays have different current balancing effects where turn-on delay in switch S 2 produces an offset during the following charging period. Fig. 9 shows the related simulation results where maximum switch stress values appear to be the same as CBT which is two times the nominal voltage reflected through the transformer. The average current difference between the two branches in TSI case can be derived as in CBT case. Based on Eq. (12) K can be obtain for turn-off and turn-on delays respectively as,
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D. Partially coupled inductors (PCI)
Similar to the previous two methods PCI provides impedance between the two full bridges to limit the rate of change of the difference current (i d ). PCI is composed of two direct coupled inductors with a low coupling factor. Fig. 10 shows simplified PPIBC with PCI acting as a current balancing mechanism. 2L m represents the mutual inductance and 2Lm-2L represents the self (leakage) inductance of the coupled inductor. Possible switching configurations are the same as Fig. 6b-g. Fig.  11 shows the simulated waveforms which are similar to the previous two cases. Voltage drops over the mutual inductances can be observed to be different during the extra operation modes. . . Fig. 10 , following equations can be derived for a turn-off delayed switch S 2 operation:
The output current expression can be obtained as:
(26) From here it can be seen that turn-off delay in a switch does not affect the steady state operating point of the converter in PCI case similar to CBT and TSI cases. The average value of the difference current i d can be calculated as the addition of average i d values over charging, turn-off delay, recovery (body diode conduction) and discharging periods. 
and the remaining periods can be calculated as: 
Again similar to CBT and TSI cases, turn-on delay affects the voltage and current conversion ratios given as in Eqs. (17,18). Turn-on delay average current expression is, (
Each component in Eq. (31) can be derived as:
and, (
Using Eqs. (32-35), average difference current for the turn-on delay can be found as,
IV. EXPERIMENTAL RESULTS
Figs. 12-14 show results from different configurations of current balancing for PPIBC. Switching delays in the tested converter occur due to tolerances of the used components. So, compared to the results in the previous sections, experimental waveforms are the results of not only turn-on and turn-off delays in multiple switches but also component value tolerances like inductances. In Fig.  12 , single inductor case waveforms can be seen where turn-off delays cause current spikes and turn-on delays cause offsets between the branch currents. 
V. CONCLUSIONS
In this paper analytical expressions have been derived for single inductor, current balancing transformer (CBT), two separate inductors (TSI) and partially coupled inductors (PCI) for primary parallel isolated boost converter (PPIBC). It has been shown that compared to single inductor; other configurations achieve suppression of current spikes, occurring due to low impedance between the two full bridges in the former case. However an average difference still exists between the branch currents whose value depends on the turn-on/turn-off delay times, switching frequency, input voltage, and the inductance value between the full bridges. There are advantages and disadvantages of each configuration. For example PCI configuration can be implemented as a single component using two E-type powder core halves and winding the two windings around the two side legs. However manufacturing of this component will be expensive since of-the-shelf coil formers are generally designed for center leg windings. TSI configuration achieves current balancing and energy storage at the same time but it has a disadvantage of inductance value tolerance which may easily result in current imbalance. CBT configuration works well for current balancing but it requires two separate components.
